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Abstract: Most of the works about single-photon detectors rely on Single Photon 
Avalanche Diodes (SPADs) designed with dedicated technological processes in order to 
achieve single-photon sensitivity and excellent timing resolution. Instead, this paper 
focuses on the implementation of high-performance SPADs detectors manufactured in a 
standard 0.35-micron opto-CMOS technology provided by AMS. We propose a series of 
low-noise SPADs designed with a variable pitch from 20 µm down to 5 µm. This opens the 
further way to the integration of large arrays of optimized SPAD pixels with pitch of a few 
micrometers in order to provide high-resolution single-photon imagers. We experimentally 
demonstrate that a 20-micron SPAD appears as the most relevant detector in terms of  
Signal-to-Noise ratio, enabling emergence of large arrays of SPAD. 
Keywords: photodetectors; avalanche photodiodes (APDs); optoelectronics; photonic 
integrated circuit; integrated optoelectronic circuits 
 
1. Introduction 
Historically, single-photon detection was the domain of photomultiplier tubes (PMT). Since the first 
demonstration in 1949 [1], PMT devices still play an important role because they offer extremely  
good performance. However, PMTs have several disadvantages (limited number of pixels, overall 
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dimensions, and high operating voltages), making them unsuitable for compact design of integrated  
vision systems [2], so the past decade has seen a dramatic increase in interest in new integrated  
single-photon detectors. 
Attractive candidates for the replacement of PMTs are solid-state devices called Single-Photon 
Avalanche Diodes (SPADs) [3]. SPAD detectors feature both an excellent timing resolution and  
single-photon sensitivity. SPADs work in avalanche mode above the breakdown level. When an 
incident photon is captured, a very fast avalanche is triggered, generating an easily detectable current 
pulse. The first successful CMOS integration of SPAD devices was made less than 10 years ago [4]. 
Continuous advances provide the potential for integrating large SPAD-based imagers. Recently, 
remarkable results have been obtained with the implementation of the first SPADs imagers in 130 nm 
and 90 nm technologies. 
However, despite these significant prototypes, there still remain several challenges to be faced for 
their effective applicability in consumer-applications [5]. Among these challenges, the most relevant 
one is the use of standard CMOS technology while preserving a level of performance similar to the 
performance obtained with a customized process. The new generation of SPAD detectors turns 
towards the integration of large SPAD-based array of pixels with the emergence of several  
32 × 32-pixel sensors [6–8] and even some 128 × 128-pixel prototypes [9] in the last years. 
Various applications could be envisioned using this kind of photodetectors. For medical 
applications, the use of SPADs in the field of Positron Emission Tomography (PET) and Magnetic 
Resonance Imaging (MRI) offers advantages of better spatial resolution, less cost and especially for 
imaging integration [10]. Also, for fluorescence applications (fluorescence lifetime imaging 
microscopy and fluorescence spectroscopy) SPADs could be very useful by ensuring better spatial 
resolution than PMTs provide [11]. 
In this paper, two principal points will be presented. First, the technological process constituted by 
the different layers that are used to manufacture the devices. Second, the choice of the optimal 
photodiode area for the next generation of SPAD Geiger concluded from the results of the electronic 
and optical characterizations performed on the designed components. 
2. Structure Design 
The AMS 0.35 µm Opto process is an advanced mixed-signal CMOS process, providing four metal 
layers, two polysilicon layers, high-resistivity polysilicon and two types of transistor gates (3.3 V and  
5 V). The process is available through multi-project submission runs, allowing easy and relatively 
inexpensive prototyping. From a technological point of view, it has also been chosen because it 
provides an enhanced optical sensitivity for embedded specific photodiodes and capabilities for 
designing high-density CMOS sensors. Typically, the process allows the design of photodiodes based 
on N-well/p-epi structures that are optimized for a low dark current at room temperature. The 
photodetector structure is based on a p+ substrate to which an epi-layer is linked through p− type of  
14 µm thickness and doping of approximately 2 × 1017 cm−3. Both layers constitute the initial substrate. 
Many processes are accomplished to reach the n/p junction. The corresponding technological process 
is shown in Figure 1. 
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Figure 1. Microphotograph of the chip including zoom on 5 µm, 10 µm, 15 µm, and  
20 µm photodiodes. 
 
Figure 2 shows the layout and the cross-section of the photodiode implemented in the AMS  
0.35 µm Opto process. Note that in designing such a device, only standard masks provided by the 
technology are used. The photodiode depicted in Figure 2A is an n/p junction with a thin n layer (about 
0.2 µm thick of arsenic) deposited on the p epi-layer (about 14 µm thick of boron); the n layer 
corresponds to a doping of approximately 1 × 1020 at·cm−3. A strong and uniform electric field within 
the depletion region allows for the avalanche formation and the single photon sensitivity of the 
photodiode. This field must be distributed as uniformly as possible at the center of the junction. 
Moreover, the photodiode periphery must be protected to prevent premature breakdown. To avoid this 
detrimental effect, the photodiode must be surrounded by a suitable guard ring (GR). Two main 
families of guard rings designs are available from literature: for 0.35 µm CMOS processes and above, 
guard rings generally consist of a lesser doped region (n-well structures or p-well implants) 
surrounding the active part of the photodiode and thus lowers the electric field at the borders of the 
diode to avoid premature edge breakdown [4,12]. For modern technologies (beyond 250 nm), the use 
of Shallow Trench Isolation (STI) as the guard rings was introduced and proposed as the most 
promising alternate to conventional guard rings [13,14]. In our designs, the guard ring structure is 
based on an explicit low-doped implanted n-well region (of about 3.5 µm thick phosphorus) that 
surrounds the periphery of the multiplication region of the photodiode as shown in Figure 2B. In this 
case, the corresponding breakdown voltage of the volumetric region (active area/epi-layer junction) is 
estimated to be 12 V depending on photodiode size and wafer homogeneity. Breakdown voltage of 
GR/epi-layer junction is estimated to be 35 V. 
The manufactured chip includes several types of devices such as a significant number of elementary 
pixels with different sizes (5, 10, 15 and 20 µm side of active area of square photodiode), SiPM 
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(matrix of pixels associated in parallel), 3 × 3-pixel imager and also test zones. This paper focuses only 
on the characterization of the elementary photodiodes in order to provide some new results about the 
impact of the size of photodiodes on single photon counting. 
Figure 2. (A) Photodiode layout; (B) Cross section of the CMOS SPAD. 
 
3. Characterization Results 
Two series of characterizations have been conducted for each size of photodiode: a static 
characterization and a dynamic characterization including surface, noise and light studies. The aim of 
these studies is to focus on the selection of an optimal size to be further integrated in imaging systems. 
The electrical circuit used for these characterizations is presented on Figure 3. 
Figure 3. Electrical circuit used for both static and dynamic (dark and light) characterizations, 
an exterior quenching resistor has been used. 
 
3.1. Static Characterization 
We start characterizing the SPADs with the evaluation of the static current-voltage characteristic in 
the reverse bias mode of operation. The following experiment is performed on each SPAD: a Keithley 
2636 A source meter, connected to a computer, obtains measurements of current in reverse mode. This 
experiment is achieved by generating a sweep voltage between 0 and 14 V then measuring current and 
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limiting it to 20 µA (to avoid damage to the photodiodes). The current versus voltage characteristic 
reveals two important parameters of photodiodes in Geiger mode: the breakdown voltage VBr and the 
dark current Id. Table 1 recapitulates the breakdown voltage and the dark current according to each  
photodiode size. 
Table 1. Breakdown voltage and dark current for each photodiode size. 
Size 5 µm 10 µm 15 µm 20 µm 
Breakdown voltage 21.25 V 12 V 11.8 V 11.7 V 
Dark current 200 pA 60 pA 85 pA 106 pA 
Note that, 5 µm photodiode size presents particular features compared to other photodiodes of 
larger sizes. This behavior is related to the phenomena of guard rings lateral diffusion. This diffusion 
represents an important part in the photodiode central region (which is originally very small). 
Consequently, the breakdown voltage is dominated by the peripheral breakdown, leading to a high 
breakdown voltage [14]. 
Figure 4 shows measured I-V characteristics of the different SPADs per area unit (A/cm2) in reverse 
mode. As previously mentioned, the 5 µm photodiode has been deliberately rejected because of its 
high breakdown voltage and its high dark current in comparison to its surface. Therefore, Figure 4 
focuses only on typical 10, 15, and 20 µm devices. They exhibit abrupt breakdown around 12 V, at  
12 V, 11.8 V, and 11.7 V, respectively. It shows that the breakdown voltage tends to reduce with 
increasing the device size. Such results are similar to those obtained with a 130 nm technology [15]. 
Figure 4. Current versus voltage as a function of area for 3 photodiodes (10, 15 and 20 µm). 
 
3.2. Dynamic Characterization 
Based on the static characterization results, a full dynamic characterization of the SPADs has been 
performed, as reported in the following paragraphs. All measurements refer to typical 10 µm, 15 µm 
and 20 µm SPADs, involving for each photodiode different overvoltages, i.e., the difference between 
the bias voltage and its specific breakdown voltage. A first series of measurements has been conducted 
to evaluate the Dark Count Rate (DCR) of the SPADs. In a second step, we evaluate the capabilities of 
the designed SPADs to efficiently count the photons emitted by a light source. 
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3.2.1. Noise Study 
The DCR is measured by counting the number of avalanches while the SPAD is operating at an 
excess bias voltage above the SPAD’s breakdown voltage. The DCR measurement is carried out in the 
dark condition where the chip is shielded completely not to receive any light. In such a dark 
environment, a specific electronic card is used for processing pulses delivered by each photodiode. The 
DCR for the different SPADs has been measured at different overvoltages at room temperature. 
Overvoltages from 0 V to 1.1 V with a 0.1 V step are applied to the breakdown voltage of each SPAD. 
Figure 5 shows the raw DCR of the three different fabricated SPADs as a function of the 
overvoltage. Passive quenching is being used in the implemented SPADs. DCR increases with 
overvoltage and with photodiode size. DCR vary from 0.3 kHz (10 µm) to 8 kHz (20 µm) at 0.2 V 
excess bias and from 7 kHz (10 µm) to 13 kHz (20 µm) at 1.1 V excess bias, respectively. The 20 µm 
photodiode presents the highest DCR whereas the two other photodiodes (10 µm and 15 µm) have 
both very close DCR. 
Figure 5. DCR as a function of overvoltage. 
 
Our measures are in line with previous results obtained on similar SPAD structures designed in  
a standard 0.35 µm technology. For example, Niclass et al. [16] highlighted an average DCR of  
750 Hz for a photodiode with an active area diameter of 10 µm. Similarly, Stoppa et al. [17] 
characterized a series of 17 SPADs with a 20 µm × 20 µm size, showing a mean DCR around 4 kHz.  
Tisa et al. [18] proposed a compact 50 µm × 100 µm cell integrating a 20 µm SPAD. DCR is in the range  
(2 kHz–5 kHz) for different values of excess bias. Nissinen et al. [19] evaluated the dark count rates of 
different SPADs (deep-n-well cathodes of 10 µm and 20 µm and n-well cathode of diameter 20 µm) as 
a function of the excess bias voltage at room temperature. The DCR of the 20 µm SPAD with the 
deep-n-well cathode is approximately 11 kHz, when an excess bias voltage of 3.3 V is used, but 
because of the higher doping concentration of the n-well, the DCR of the SPAD with the n-well 
cathode is more than a couple of decades larger than this. The DCR of the 10 µm SPAD varies from 
200 Hz at an excess bias of 1 V and converges to 1 kHz for higher overvoltages. We also found in 
literature some studies with larger structures. Such SPADs are characterized by very high values  
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of DCR. As examples, Stoppa et al. [17] characterized an array of 140 µm × 70 µm SPADs, 
highlighting a very large value of 106 Hz at room temperature. Similarly, Vilella et al. [20] presents a  
10 × 43 SPAD detector of 20 µm × 100 µm. The mean DCR of the chip is approximately 67 kHz 
(median value is 40 kHz) with an excess bias of 1 V and 139 kHz with an excess bias of 2 V (median 
value is 95.3 kHz). 
3.2.2. Light Study 
The sensitivity of the SPADs structures has been measured over the visible range at different 
overvoltages, by means of a dedicated test bench including a multi-spectral light source (B&W  
Tek BPS120-CC), a monochromator (Spectral Products CM110) for the selection of precisely one 
wavelength, and an optical power meter (Newport 1830-R with 918D-SL-03D Silicon Detector) as 
shown in Figure 6. 
Figure 6. The test bench used for photodiode characterization in light. 
 
Traditionally, measures of SPADs sensitivity require an integration sphere with a reference diode at 
one port of the sphere and the SPAD at the other. Unfortunately, our test bench does not include an 
integration sphere and we evaluate sensitivity by means of the following protocol. The test bench ends 
with an optical fiber fixed on a point-to-point motion, allowing to precisely align the optical fiber with 
the chip to evaluate. The alignment has been done in order that the size of the light spot covers the 
sensitive area of the SPAD as precisely as possible. This can be done by computing the numerical 
aperture (NA) (0.22 in our case) of the optical fiber and the distance between the head of the optical 
fiber and the chip, as following: 
ܰܣ.ൌ ݊ ∗ sin θ (1)
where θ is the half-angle of the maximum cone of light and n is the index of refraction (i.e., n = 1 for 
air). The spot diameter DS can be written as: 
ܦ௦ ൌ 2 ∗ ܦ௙௖ ∗ tan θ (2)
where Dfc is the fiber-to-chip distance, θ  equal 12.7° according to Equation (1). 
For Dfc ≈ 1.3 mm, therefore DS = 0.58 mm according to Equation (2). 
Hence, the spot area AS can be calculating as following: 
ܣ௦ ൌ ߨ ∗
ܦ௦ଶ
4  (3)
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The obtained value is AS = 0.27 mm2. Knowing the area of each photodiode AP (0.0001 mm2, 
0.000225 mm2 and 0.0004 mm2 for 10 µm, 15 µm and 20 µm respectively), the ratio area RA  
between the photodiode and the spot has been respectively determined as 2700, 1200, and 675 for the  
three photodiodes. 
Figure 7. Quantum efficiency of the three SPADs as a function of wavelengths and 
overvoltages. (A) 10 µm SPAD; (B) 15 µm SPAD and (C) 20 µm SPAD. 
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Using such a protocol, we are able to precisely compare quantum efficiency (QE) of each size of 
photodiodes over wavelengths in the range (400 nm, 820 nm) and overvoltages in the range (0, 1 V), as 
depicted in Figure 7. The three different photodiodes achieve peaks in the blue region (around 480 nm) 
of the visible wavelength range. This value is comparable with previous results obtained with the same 
0.35 µm technology [16,18,21]. The efficiency remains high over a large range of wavelengths, above 
50% between 410 nm and 640 nm for overvoltages higher than 0.4 V. Note that, for all the subsequent 
results described in this paper, the wavelength has been fixed to 480 nm. 
Since the number of photons that can be detected by a photodetector is a function of its area, it is 
relevant to focus on the number of photons counted per area unit (counts/mm2). This allows a pertinent 
comparison of the performance of each SPAD. As depicted in Figure 8, the number of photons counted 
per area unit increases with the size of the photodiode for low values of overvoltage. As an illustration, 
it is respectively equal to 5.5 × 108, 1.2 × 109, and 4.7 × 109 for the 10 µm, 15 µm, and the 20 µm 
photodiode for an overvoltage equal to 0.2 V. This is mainly due to the capacity of the large 
photodiodes (20 µm) to collect a maximum of incident photons comparing to smaller photodiodes  
(10 µm and 15 µm). The number of photons counted also increases with overvoltage until 0.7 V–0.8 V, 
where saturation occurs. 
Figure 8. Number of photons counted per area unit as a function of overvoltage. 
 
We also evaluated the Signal to Noise Rate (SNR) for each photodiode as a function of  
overvoltage [22], as seen on Figure 9. The SNR is calculated using the following equation: 
ܴܵܰ ൌ ݈ܵ݅݃݊ܽ ∗ ܳܧ ∗ ௜ܶඥ݈ܵ݅݃݊ܽ ∗ ܳܧ ∗ ௜ܶ ൅ ܰ݋݅ݏ݁ ∗ ௜ܶ
 (4)
where, the Noise is the DCR of each photodiode that is already measured (cf. Figure 5). Ti is the time 
integration (equal 1 s in our measure). The Signal is the difference between the maximum of photons 
counted (using the frequency counter) and the noise of each photodiode. 
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Figure 9. SNR as a function of overvoltage. 
 
According to these results, the 20 µm photodiode presents the maximum of SNR compared to other 
photodiodes (SNR = 140 at overvoltage > 0.5 V), and represents the best compromise in terms of area 
and performance. This result is similar with the 20 µm pixel designed by Stoppa et al. [17] exhibiting 
an average dark count rate of around 4 kHz and a dynamic range of over 120-dB. It is also comparable 
with the 10 × 10-SPAD detector module [23] including a pixel pitch of 26 µm. Each of the 100 SPADs 
has a mean DCR lower than 2 kHz and a dynamic range exceeding 120 dB. Consequently, based on 
the literature and the deep characterization of our chip, we can conclude that the 20 µm photodiode 
appears as the optimal candidate for a further integration into a two-dimensional SPAD imager 
designed with the AMS 0.35 µm Opto process. 
4. Conclusions 
We have presented a detailed investigation concerning Single Photon Avalanche Diodes designed 
with the AMS 0.35 µm Opto process. Focus has been placed on the photodiode size in order to 
quantify as precisely as possible the influence of the size on performance, both in terms of DCR and 
detection. Each of the three devices that have been evaluated features single-photon counting 
capabilities, enabling further integration into high-resolution arrays. However, one of these structures 
based on a 20 µm photodiode achieves improved performance, both in terms of quantum efficiency 
and SNR. Then, this photodiode becomes the best candidate for integration into the next generation of 
Geiger APD photodetectors including SIPM-based detectors and SPAD-based imagers. 
Acknowledgments 
This work was supported by the Centre National de la Recherche Scientifique (CNRS), Université 
de Bourgogne (uB), and Conseil Régional de Bourgogne (CRB) within the frameworks of the 3MIM 
project (CNRS, uB, CRB), and the PARI-SSTIC 6 project (CRB). 
  
Sensors 2014, 14 22783 
 
 
Author Contributions 
K.J. and D.P. conceived and designed the experiments; K.J. performed the experiments; K.J. and 
D.G. analyzed the data; K.J and D.G. wrote the paper. 
Conflicts of Interest 
The authors declare no conflict of interest. 
References 
1. Morton, G. Photomultipliers for scintillation counting. RCA Rev. 1949, 10, 525–553. 
2. Privitera, S.; Tudisco, S.; Lanzanò, L.; Musumeci, F.; Pluchino, A.; Scordino, A.; Campisi, A.; 
Cosentino, L.; Finocchiaro, P.; Condorelli, G.; et al. Single Photon Avalanche Diodes: Towards 
the Large Bidimensional Arrays. Sensors 2008, 8, 4636–4655. 
3. Cova, S.; Longoni, A.; Andreoni, A. Towards picoseconds resolution with single-photon 
avalanche diodes. Rev. Sci. Instrum. 1981, 52, 408–412. 
4. Rochas, A.; Gani, M.; Furrer, B.; Besse, P.; Popovic, R.; Ribordy, G.; Gisin, N. Single photon 
detector fabricated in a complementary metal-oxide-semiconductor high-voltage technology.  
Rev. Sci. Instrum. 2003, 74, 3263–3270. 
5. Seitz, P.; Theuwissen, A. Single Photon Imaging; Springer-Verlag: Berlin, Germany, 2011. 
6. Guerrieri, F.; Tisa, S.; Tosi, A.; Zappa, F. Two-Dimensional SPAD Imaging Camera for Photon 
Counting. IEEE Photonics J. 2010, 2, 759–774. 
7. Gersbach, M.; Maruyama, Y.; Trimananda, R.; Fishburn, M.W.; Stoppa, D.; Richardson, J.A.; 
Walker, R.; Henderson, R.; Charbon, E. A time-resolved, low-noise single-photon image sensor 
fabricated in deep-submicron CMOS technology. IEEE J. Solid State Circuits 2012, 47,  
1394–1407. 
8. Niclass, C.; Rochas, A.; Besse, P.A; Charbon, E. Design and characterization of a CMOS 3D 
image sensor based on single photon avalanche diodes. IEEE J. Solid State Circuits 2005, 40, 
1847–1854. 
9. Niclass, C.; Favi, C.; Kluter, T. Gersbach, M.; Charbon, E. A 128 × 128 single-photon image 
sensor with column-level 10-bit time-to-digital converter array. IEEE J. Solid State Circuits 2008, 
43, 2977–2989. 
10. Hong, K.J.; Choi, Y.; Kang, J.H.; Hu, W.; Jung, J.H.; Min, B.J.; Lim, H.K.; Shin, S.H.; Huh, Y.S.; 
Chung, Y.H.; et al. Development of PET using 4 × 4 array of large size Geiger-mode avalanche 
photodiode. In Proceedings of the 2009 IEEE Nuclear Science Symposium Conference Record 
(NSS/MIC), Orlando, FL, USA, 24 October–1 November 2009; pp. 3032–3037. 
11. Li, D.-U.; Ameer-Beg, S.; Arlt, J.; Tyndall, D.; Walker, R.; Matthews, D.R.; Visitkul, V.; 
Richardson, J.; Henderson, R.K. Time-Domain Fluorescence Lifetime Imaging Techniques 
Suitable for Solid-State Imaging Sensor Arrays. Sensors 2012, 12, 5650–5669. 
12. Rochas, A.; Besse, P.A.; Popovic, R.S. A Geiger mode avalanche photodiode fabricated in a 
conventional CMOS technology. In Proceedings of the IEEE European Solid-State Devices 
Conference, Nuremberg, Germany, 11–13 September 2001; pp. 483–486. 
Sensors 2014, 14 22784 
 
 
13. Finkelstein, H.; Hsu, M.J.; Esener, S.C. STI-bounded single photon avalanche diode in a  
deep-submicrometer CMOS technology. IEEE Electron Device Lett. 2006, 27, 887–889. 
14. Karami, M.-A.; Gersbach, M.; Yoon, H.-J.; Charbon, E. A new single-photon avalanche diode in 
90 nm standard CMOS technology. Opt. Express 2010, 18, 22158–22166. 
15. Richardson, J.; Webster, E.; Grant, L.; Henderson, R. Scaleable Single-Photon Avalanche Diode 
structures in nanometer CMOS technology. IEEE Trans. Electron Devices 2011, 58, 2028–2035. 
16. Niclass, C.; Sergio, M.; Charbon, E. A single photon avalanche diode array fabricated in 0.35 µm 
CMOS and based on an event-driven readout for TCSPC experiments. In Proceedings of the 
Advanced Photon Counting Techniques (SPIE 6372), San Diego, CA, USA, 25 October 2006,  
pp. 63720S-1–63720S-12. 
17. Stoppa, D.; Mosconi, D.; Pancheri, L.; Gonzo, L. Single-Photon Avalanche Diode CMOS Sensor 
for Time-Resolved Fluorescence Measurements. IEEE Sens. J. 2009, 9, 1084–1090. 
18. Tisa, S.; Guerrieri, F.; Zappa, F. Variable-Load quenching circuit for single-photon avalanche 
diodes. Opt. Express 2008, 16, 2232–2244. 
19. Nissinen, I.; Nissinen, J.; Lansman, A.; Hallman, L.; Kilpela, A.; Kostamovaara, J.; Kogler, M.; 
Aikio, M.; Tenhunen, J. A sub-ns time-gated CMOS single photon avalanche diode detector for 
Raman spectroscopy. In Proceedings of the 2011 European Solid-State Device Research 
Conference (ESSDERC), Helsinki, Finland, 12-16 september 2011; pp. 375–378. 
20. Vilella, E.; Alonso, O.; Montiel, A.; Vilà, A.; Diéguez, A. A low-noise time-gated single-photon 
detector in a HV-CMOS technology for triggered imaging. Sens. Actuators A Phys. 2013, 201, 
342–351. 
21. Tisa, S.; Guerrieri, F.; Tosi, A.; Zappa, F. 100 kframe/s 8 bit monolithic single-photon imagers.  
In Proceedings of the 38th European Solid-State Device Research Conference, Edinburgh, UK, 
15–19 September 2008; pp. 274–277. 
22. Zappa, F.; Tisa, S.; Tosi, A.; Cova, S. Principles and features of single photon avalanche diode 
arrays. Sens. Actuators A Phys. 2007, 140, 103–112. 
23. Benetti, M.; Popleteeva, M.; Betta, G.-D.; Pancheri, L.; Stoppa, D. Characterization of a CMOS 
SPAD sensor designed for fluorescence lifetime spectroscopy. In Proceedings of the 2011 7th 
Conference on Ph.D. Research in Microelectronics and Electronics (PRIME), Trento, Italy, 2011; 
pp. 185–188. 
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
